enriched for mRNA of genes associated with development of skeletal muscles (Myf-5, MyoD, Myogenin), heart (Nkx2.5/Csx, GATA-4, MEF-2C), neural cells (Nestin, GFAP), liver (CK19, a-fetoprotein), intestinal epithelium (Nkx 2-3, Tcf4, CDX1, Msi1h), skin epidermis (Trp63, Krt 2-6a, Krt 2-5, BNC) and endocrine pancreas (Nkx6.1, Pdx1, Ptf1) [1] . Furthermore, VSELs demonstrated several embryonic stem celllike characteristics, including the capacity to form in vitro spheres resembling embryoid bodies which highly express the placental form of alkaline phosphatase and several genes involved in early gastrulation [4, 5] . We also confirmed their extensive pluripotency by demonstrating the ability of VSELs to differentiate into all three germ-layer lineages [1] .
Unfortunately the FACS-based sorting strategy to isolate VSELs includes gating on region that contains mostly cell debris and only rare cellular events (2-6 µm). Thus to optimize purity of VSELs sorting and to better characterize the morphological features of these cells, we employed a multi-dimensional approach (traditional flow cytometry, ImageStream cytometry analysis and confocal microscopy). Firstly, using classical flow cytometry we compared the exact size of phenotypically identified VSELs with standard beads with pre-defined sizes. Second, the novel technological approach, which is ImageStream (IS) allowed us to analyse these cells in flow in suspension [6] [7] [8] . IS technology combines the statistical power of large sample size analysis common to flow cytometry with the morphological features obtained by microscopic methods [6] [7] [8] . We employed IS to differentiate VSELs from cell debris as well as for estimating the true percentage of these cells. Using this technology, we also computed the nuclear to cytoplasmic (N/C) ratio, which has been proposed as an indicator of stemness of primitive cells and calculated cytoplasmic area. Finally, by employing confocal microscopy, we examined both the size as well as Oct-4 expression in VSELs.
All of these modalities employed simultaneously allowed us to achieve optimal gating, purification, and morphological characterization of VSELs at single cell level and confirmed their primitive/embryonic-like nature.
Material and methods

Animals
These experiments have been performed in accordance with the guidelines of the Laboratory Institutional Animal 
Isolation of BM cells, flow cytometric sorting and analysis
VSELs were isolated from BM of adult C57BL/6 mice (4-8 weeks old) (Jackson Laboratory, Bar Harbor, ME, USA). BM was flushed from tibias and femurs and full population of bone marrow mononuclear cells (BMMNCs) was obtained after lysis of RBCs using 1x BD Pharm Lyse Buffer (BD Pharmingen, San Jose, CA, USA). Cells were stained for CD45, Lineages markers, and Sca-1 for 30 min in medium containing 2% of fetal bovine serum (FBA). The following directly conjugated antimouse antibodies (mAbs) (BD Pharmingen, San Jose, CA, USA) were used to stain cells prior to FACS: rat anti-CD45 (APC-Cy7; clone 30-F11), anti-CD45R/B220 (PE; clone RA3-6B2), anti-Gr-1 (PE; clone RB6-8C5), anti-TCR␣␤ (PE; clone H57-597), anti-TCR␥␦ (PE; clone GL3), anti-CD11b (PE; clone M1/70), anti-Ter119 (PE; clone TER-119) and anti-Ly-6A/E (Sca-1) (biotin; clone E13-161.7, with streptavidin conjugated with PE-Cy5). Cells were then washed and re-suspended in RPMI 1640 medium with 10% of FBS and sorted by MoFlo cell sorter (Dako, Carpintera, CA, USA). The Sca-1 + /Lin -/CD45 -(VSELs) and Sca-1 + /Lin -/CD45 + (HSCs, control) were isolated accordingly to the gating and sorting strategy summarized in Figure 1 . We also used 7-aminoactinomycin D (7-AAD; Invitrogen; Molecular Probes; 40 µM) to exclude dead cells from sorting ( Fig. 1 ). . Percentages show the average content of each cellular subpopulation (± S.E.M.) in total BMMNC. Sorted VSELs were re-analysed to establish sorting purity according Lin, CD45 and Sca-1 markers as well as their viability by staining with 7-AAD (E, F). Percentages on these two panels present purity of VSELs in each marker and content of viable cells (Mean ± S.E.M.). Cells were not fixed before staining with 7-AAD. a concentration of 1:200 for 2 hrs at 37°C to visualize the staining with anti-Oct-4 antibody. Nuclei were stained with DAPI (Molecular Probes, Carlsbad, California, USA) for 10 min at 37°C. All immunofluorescence photomicrographs were acquired using a Zeiss LSM 510 confocal microscope (Carl Zeiss, Thornwood, New York, USA).
Confocal microscopic analysis
ImageStream system analysis
BM of adult C57BL/6 mice (4 weeks old, Jackson Laboratory, Bar Harbor, ME, USA) was isolated as described above for flow cytometric sorting and analysis. The full population of BMMNCs was obtained after lysis of red blood cell (RBCs) using 1x BD Pharm Lyse Buffer (BD Pharmingen). Blood was obtained from the inferior vena cava and left ventricular cavity of C57BL/6 mice (4-8 weeks old). Peripheral blood (PB) cells were obtained after lysis of RBCs using the above method. Among the different differentiated cell populations in blood, we elected to use granulocytes as controls for comparing cell size, N/C ratio, and cytoplasmic area. Nalm-6 cells, human B-ALL cell line, were used as an additional control. Total BM-and PBderived cells were stained for CD45, lineage markers, and Sca-1 for analysis by ImageStream system. Based on the detection channels available for the IS system, the following directly conjugated monoclonal mAbs (BD Pharmingen, San Jose, CA, USA) were used for staining: rat anti-CD45 (FITC; clone 30-F11), anti-CD45R/B220 (PE; clone RA3-6B2), anti-Gr-1 (PE; clone RB6-8C5), anti-TCR␣␤ (PE; clone H57-597), anti-TCR␥␦ (PE; clone GL3), anti-CD11b (PE; clone M1/70), and anti-Ter119 (PE; clone TER-119). Staining for anti-Ly-6A/E (Sca-1) (biotin; clone E13-161.7) was followed by staining with streptavidin conjugated with PE-Cy5. Nalm-6 cells were stained against human CD19 (FITC; clone HIB19) and CD45 (PE; clone HI30; both antibodies purchased from BD Biosciences, San Jose, CA, USA). Cells were washed after staining, fixed with 4% paraformaldehyde for 20 min and then permeabilized with 0.1% Triton X-100 solution for 10 min. Stained cells were re-suspended in PBS for further analysis. 7-aminoactinomycin D (7-AAD; Invitrogen; Molecular Probes; 40 µM) was added 5 min before analysis. Samples were run directly on ImageStream System 100 (Amnis Corporation, Seattle, WA, USA) without any cell classifier (instrument threshold).
Signals from FITC, PE, 7-AAD, and PE-Cy5 were detected by channels 3, 4, 5 and 6, respectively, while side scatter and brightfield images were collected in channels 1 and 2, respectively. The methodology was applied for experiments comparing the size, N/C ratio and cytoplasmic area of VSELs (Sca-1 + /Lin -/CD45 -) and HSCs (Sca- On the brightfield single images, masks encompassing the entire cellular areas (eroded 5 pixels) were created by the ImageStream system software (IDEAS) software and were used to calculate the area of cells. Similarly, the nuclear area was calculated by automatic masks created on the 7-AAD nuclear images (morphology mask). Cytoplasmic area was computed by subtracting the nuclear area from the total area of the cell. The N/C ratio was computed as the ratio between nuclear and cytoplasmic areas.
Statistical analysis
Data are expressed as mean ± S.E.M. A P-value <0.05 was considered statistically significant. All statistical analyses were performed using the Origin (version 5.0) statistical software (Northampton, MA, USA).
Results
VSELs are much smaller than HSCs
We employed a novel size-based approach controlled by size bead markers for isolating rare and small VSELs from murine BM by FACS (Fig. 1A) . The overall sorting strategy is based on gating in regions containing small events (2-10 µm) -as indicated on the dot plot (region R1) (Fig. 1B) . This region contains mostly cell debris, but also rare nuclear cell events. Since it is well known that most of the sorting protocols exclude events smaller than erythrocytes (less than 6 µm in diameter) as debris or platelets, this fact may explain very well as to why unusually small VSELs were excluded in the past from the sorted cell populations. Figure 1 (A and B) shows that in our proposed sorting strategy of VSELs, the size of the sorted cells is controlled very well by comparing them with the mixture of beads with predefined sizes (1, 2, 4, 6, 10 and 15 µm in diameter). The events enclosed in region R1, which include in average 47.2 ± 2.1% of total events, were further analysed for the expression of Sca-1 and lineage markers (Lin). The Sca-1 + /Lin -events shown in region R2 (Fig. 1D) that contained VSELs and HSCs, respectively [1] . We found that VSELs comprised on average 0.030 ± 0.008% while HSCs 0.347 ± 0.057% of total BMMNCs (Fig. 1C) . Figure 1E shows the post-sort re-analysis of sorted VSELs, which revealed their high purity (97.83 ± 0.63%). At the same time, we demonstrated that 94.43 ± 1.49% of these cells were negative for staining with 7-AAD dye. We did not exclude anucleated debris from viable cells in this step (Fig. 1F) . Thus, VSELs sorted from the murine BM via this novel strategy are homogenous and viable population pf cells ( Fig. 1E and F) .
In the next step, sorted VSELs were re-analysed according to their size. Figure 2A shows FSC/SSC characteristics of beads that were used as size markers for VSEL sorts. We noticed that 95. 3A) . In contrast, VSELs are small (<5µm) nucleated cells, do not express CD45 antigen on the surface, and express the embryonic stem cell transcription factor Oct-4 in the nucleus.
ImageStream analysis confirms the size of VSELs and efficiently distinguishes them from cell fragments
The IS-based analysis employs flow cytometry combined with microscopy and allows for (i ) statistical analysis of a variety of cellular parameters as well as (ii ) the visualization of cells in suspension during flow analysis via high-resolution brightfield, darkfield and fluorescence images [6] [7] [8] . The high resolution of IS imaging enables identification of objects as small as 1 µm in diameter [6] [7] [8] .
Using IS, we evaluated the relative levels of Sca-1, Lineage markers and CD45 expression based on the fluorescence intensity. We also directly measured the diameter of individual cells based on brightfield imaging, and calculated the N/C ratio as well as the total cytoplasmic area from brightfield and fluorescence acquisitions. In order to asses the size of the cell nuclei and to prove that VSELs are not contaminated by large platelets, cell fragments, or enucleated cells from the erythroid lineage, total BM-derived cells were permeabilized and stained with DNA-binding dye (7-AAD). Importantly, the IS was configured to optimize fluorescence sensitivity without detector saturation that enabled collection of images of interest using cell classifiers that reduced the amount of debris and cell clumps in data files. A total of 3000 events were collected each time and analysed for the presence of VSELs (Fig. 4A) . (Fig. 4A) and confirmed their basic features including small size and expression of surface markers. By employing IS analysis we calculated with more precision that VSELs are very small (3.63 ± 0.14 µm in diameter), while Sca-1 + /Lin -/CD45 + HSCs are larger (6.54 ± 0.17 µm in diameter) (Fig. 5A) . These observations are in agreement with our previous observations using electron microscopy [1] , and the current findings using flow cytometry and confocal microscopy. Figure 5B shows an image gallery of examples of the sorted VSEL, HSC, polymorphonuclear cell (PMNC) cell and Nalm-6 lymphoblast. As expected, VSELs are much smaller than HSCs and significantly smaller than peripheral blood granulocytes (8.08 ± 0.18 µm in diameter) or Nalm-6 cells.
Finally, we investigated the N/C ratio as well as the cytoplasmic area of VSELs (Figs 6 and 7) in comparison with HSCs, PMNCs and Nalm-6 cells. We noticed that VSELs have significantly higher (P р0.05) N/C ratio as compared with HSCs, granulocytes and Nalm-6 cells (1.47 ± 0.17, 0.82 ± 0.03, 0.52 ± 0.02 and 0.70 ± 0.02, respectively) (Fig. 7A) . The cytoplasmic area was computed as the difference between the total cellular area, calculated based on the brightfield image, and the nuclear area. VSELs In accordance with bead size, the blue, black and red boxes on dot-plots contain events between 2 and 6 µm (region R3), 6-10 µm events (region R4), and >6 µm (region R5), respectively. (B) The size analysis of only small cells enclosed in region R1 (see Fig. 1B) ; right graph presents the percent of VSELs (blue bar) and HSCs (red bar) with the cell size between 2 and 6 µm. The majority of VSELs is enclosed in region R3 (blue box), while HSCs belong to region R4 (black box) containing events between 6 and 10 µm (left panel). (C) shows the size analysis of total BMMNC. Graph on the right presents the percentage of cells with VSELs' phenotype (blue bar) and HSCs' phenotype (red bar) with the size between 2 and 6 µm. The majority of HSCs belong to region R5 (red box) containing events larger than 6 µm (left panel). All values are presented as mean (SEM). P-values less than 0.05 are considered statistically significant (*).
had significantly (P Յ0.05) lower cytoplasmic area as compared with HSCs, granulocytes, and Nalm-6 cells (5.41 ± 0.58, 33.78 ± 1.68, 52.33 ± 2.22 and 81.54 ± 2.60 µm 2 , respectively) (Fig. 7B) .
Discussion
Very small embryonic-like stem cells (VSELs) have been recently isolated and characterized from adult BM as well as other organs [1] [2] [3] . VSELs are the first adult tissue-derived primitive cell population with embryonic-like features that have been purified at the single cell level. Their major antigenic phenotype has been established as Sca-1 + /Lin -/CD45 -, however we reported that they also express CXCR4 receptor and CD133 antigen [1, 2, 9] . TEM analysis of VSELs revealed that they are small in size (2-4 µm range), contain relatively large nuclei surrounded by a narrow rim of cytoplasm, as well as open-type euchromatin in nuclei, which are characteristic features of pluripotent embryonic stem cells. More importantly, using RQ-PCR and immunohistochemistry, we have shown that murine VSELs express markers of embryonic pluripotent stem cells including SSEA-1, Oct-4, Nanog and Rex-1. Moreover, they are also enriched in mRNA for several early developmental markers and transcription factors for skeletal muscles, cardiac muscles, neural tissue, liver, intestinal epithelium, skin epidermis and endocrine pancreas [1, 2] . It is why we described initially these cells as tissue committed stem cells (TCSC) [9] . In cultures, VSELs are able to differentiate in vitro into neuronal cells, cardiomyocytes and pancreatic islet cells [1, 2] . When expanded over murine C2C12 myoblastic cell line, murine VSELs gave rise to spheres that resembled embryoid bodies [1, 5] . Further experiments demonstrated that VSELs, normally residing in the BM, could be mobilized into peripheral blood in response to tissue/organ injury as well as after G-CSF treatment [2, 4, 10] . Recently, we have isolated a rare population of VSELs also from human cord blood (CB) [11] , which suggests that these cells are also present in human tissues.
In the current study, we optimized the purification of VSELs, and perhaps more importantly, examined the morphological features of murine VSELs with greater precision and detail via the use of multiple imaging approaches. The traditional flow cytometric analysis of VSELs was complemented by confocal microscopy. Finally, the IS system, a new method that combines both flow cytometry and microscopic imaging, was used for quantitative analysis of cell size, N/C ratio and cytoplasmic area.
When examined by all methods employed in this study, murine VSELs are very small (<5 µm in diameter) when compared to Sca-1 + /Lin -/CD45 + HSCs (>6 µm in size) and contain Oct-4 + relatively large nuclei surrounded by a narrow rim of cytoplasm. Therefore, since VSELs are smaller than erythrocytes, this fact may explain as to why in the past they were excluded from the routine sorting procedures. Our data clearly demonstrate the presence of small primitive nucleated cells in adult tissues that are slightly larger than blood platelets yet smaller than erythrocytes. Generally, the presence of cells possessing similar small size (<5 µm) in adult murine tissues has been postulated recently by Vacanti et al. These cells were described as 'spore-like stem cells' [12] . Unfortunately the isolation strategy of spore-like stem cells was not described by the authors in the original paper and thus it is not clear as to how these cells were isolated from adult tissues. In contrast, by varying degrees that may represent universal pluripotent stem cells residing at different levels in multiple murine tissues [13] . Very small stem cells with neuroblast activity were also recently found in the murine brain in the subventricular zone [14] . Finally, Huang et al. described a population of very small cells residing in human BM while isolating mesenchymal stem cells (MSCs) on double layer culture plates containing 3-µm pores that were employed to sieve out the relatively large MSCs [15] . The size of VSELs and the expression of markers of pluripotency (Oct-4, Nanog, and Rex-1 [1] ) suggest that these cells could be directly derived from epiblasts and are deposited during development in various tissues (including BM) as a potential population of pluripotent stem cells that gives rise to tissue-specific stem cells [5, 11, 16, 17] -(A) and visualized an image gallery of the objects identified by this phenotype (B). BMMNC were stained for CD45, Sca-1 and Lin markers, fixed with paraformaldehyde solution and analysed. Signals from CD45-FITC, Lin-PE, 7-AAD and Sca-1-PE-Cy5 were collected by channels 3, 4, 5 and 6, respectively. Side scatter and brightfield were detected by channels 1 and 2, respectively. The dot-plot (A) shows all objects according to area of brightfield (Ch2), related to size of objects (Xaxis) and aspect ratio of brightfield related to shape of objects (Y-axis). The aspect ratio was calculated based on brightfield as the ratio of cellular minor axis (width) to major axis (height). Round, non-elongated cells have further investigation. Of note, since our VSELs express CD133 on the surface [11] , it is also likely that they are isolated along with larger cells in CD133 ) and characterized by higher N/C ratio (1.471(0.171) were included in region R4 (magenta; C) and visualized on the other plots as diamonds (magenta). N/C ratio was calculated as nuclear area divided by cytoplasmic area computed from nuclear (7-AAD) and brightfield images. Signals of brightfield, Lin-PE and 7-AAD were collected by the IS in channels 2, 4 and 5, respectively. Mean (± S.E.M.) values of N/C ratio were calculated using IDEAS software.
enriched both for normal pluripotent [18] as well as cancer stem cells [19] [20] [21] .
In the current paper we pursued characterizing the primitive markers, cell size and N/C ratio of VSELs in an attempt to further investigate their primitive nature and explore future strategies for their optimal isolation and better characterization. As a first step, we employed size beads with pre-defined diameters. Using direct comparison, the majority of VSELs were localized in the region occupied by 2-4 µm beads. Next, by employing staining with 7-AAD, a dye that is excluded by living cells, we were able to distinguished VSELs from potential dead cells. Using these approaches, we developed a sorting strategy directed towards isolating very small cells with greater accuracy. Although the relative cellular size can be estimated from forward scatter characteristics of cells (FSC) [22] , an approximate estimation cannot be obtained without direct comparison with standard particles such as predefined beads [23, 24] . We employed ImageStream technology to accurately assess the size of VSELs.
Traditionally, confocal and electron microscopy have been used to evaluate cellular size and ultrastructure characteristics [25] [26] [27] [28] [29] [30] [31] . In the current study, we employed IS as an additional approach in evaluating both size and morphology of VSELs. The IS combines the capabilities of an advanced flow cytometer with the high-definition imaging of a fluorescent microscope. Historically, the first system to combine these two techniques was laser scanning cytometer (LSC) [32] [33] [34] [35] [36] [37] . However, the IS provides the advantage of analyzing multiple cells in suspension which can not be achieved with LSC and allows for quantitative measurements of size, shape, texture, position of fluorochrome-labeled probes inside, on or between cells, as well as several nuclear features [6, 8, 38] . The IS technology provides high-resolution brightfield, darkfield and fluorescence images of cells; and analyses a wide array of cellular parameters in a relatively simple and time efficient manner. The high sensitivity and resolution (1 µm) of this system provides additional advantages when examining extremely small cells (e.g. VSELs).
We noticed that both cellular size and morphology determined by the IS were consistent with our previous results from confocal and electron microscopy. In agreement with microscopic results, the IS analysis confirmed the very small size of murine BM-derived VSELs, estimated at <5µm (3.63 ± 0.09 µm), while the size of Sca-1 + /Lin -/CD45 + HSCs (controls) was >6 µm (6.54 ± 0.17 µm). Via DNA staining of sorted VSELs, IS allowed us to assess their purity and distinguish them easily from larger cell fragments, platelets, or small CD45 -differentiated cells from erythroid lineage.
Primitive stem cells have been described as small cells with large nucleus and small cytoplasmic area [27, 39, 40] . It has been proposed that with differentiation, cells acquire smaller nuclei as their cytoplasmic area enlarges. Thus, the IS analysis was used to calculate the nuclear and overall cellular areas as well as the N/C ratio of VSELs, HSCs, differentiated peripheral blood granulocytes and Nalm-6 cells. In agreement with the published data, the N/C ratio was significantly higher among primitive VSELs, followed by HSCs, than differentiated granulocytes and Nalm-6 cells. These observations support our hypothesis that VSELs are at an earlier stage of development compared with other multi-potent stem cells, such as HSCs. We also demonstrated that the cytoplasmic and human Nalm-6 cells were measured using the IS. All values are presented as mean (± S.E.M. as calculated by IDEAS software. P < 0.05 was considered statistically significant (*).
area of VSELs is significantly smaller when compared with HSCs and differentiated blood cells. Although the cytoplasmic area is dependent on the cellular size, we believe that the smaller cytoplasmic area is indicative of the primitivity of VSELs especially when viewed in the context of high N/C ratio.
In conclusion, in the present study by employing a multi-dimensional approach, we confirmed the embryonic features of VSELs. In addition, we validated a novel size-based gating strategy to reliably isolate VSELs by FACS from murine BM. Using flow cytometry, confocal microscopy and ImageStream analysis we determined that VSELs are very small in size and have a relatively high N/C ratio when compared with other cell types. Therefore, FACS-based sorting strategies should consider that adult tissues harbour small primitive cells that are larger than platelets yet smaller than erythrocytes.
